We present an optical imaging system and mathematical algorithms for three-dimensional sensing and identification of stem cells. Data acquisition of stem cells is based on holographic microscopy in the Fresnel domain by illuminating the cells with a laser. In this technique, the holograms of stem cells are optically recorded with an image sensor array interfaced with a computer and three-dimensional images of the stem cells are reconstructed from the Gaborfiltered digital holograms. The Gabor wavelet transformation for feature extraction of the digital hologram is performed to improve the process of identification. The inverse Fresnel transformation of the Gabor-filtered digital hologram is performed to reconstruct the multiscale three-dimensional images of the stem cells at different depths along the longitudinal direction. For recognition and classification of stem cells, a statistical approach using an empirical cumulative density function is introduced. The experiments indicate that the proposed system can be potentially useful for recognizing and classifying stem cells. To the best of our knowledge, this is the first report on using three-dimensional holographic microscopy for automated identification of stem cells.
INTRODUCTION
Optical coherent imaging systems using digital holography (Goodman & Lawrence 1967; Yatagai et al. 1987; Osten et al. 2002; Kreis 2005; Nomura et al. 2006; Shortt et al. 2006) have been investigated for three-dimensional visualization and recognition of objects (Javidi & Tajahuerce 2000; Frauel & Javidi 2001; Tajahuerce et al. 2001; Javidi 2002; Javidi & Kim 2005) . Digital holographic-based three-dimensional microscopy has been applied to the three-dimensional sensing, visualization and recognition of micro-organisms Moon & Javidi 2005, in press ). Holographic microscopy can automatically produce multiple focused images of biological micro-organisms from only one digital hologram without any mechanical scanning, which is necessary in conventional microscopy. In addition, the depth information of the biological microorganisms can be obtained by analysing the coherent interference pattern. Single-exposure online (SEOL) digital holography (Javidi & Kim 2005 ) enables one to three-dimensionally sense, monitor and recognize the moving, growing and reproducing biological cells. SEOL digital holographic microscopy allows the computational reconstruction of three-dimensional images of growing and dividing biological cells from just one digital hologram.
Stem cells have many potential applications in new medical treatments (National Institutes of Health 2004; Shostak 2006) . Recently, scientists have studied stem cells to find effective treatments of many severe human diseases, such as diabetes, heart disease and Parkinson's disease. Therefore, automated stem cell monitoring, identification and classification are essential in developing such medical treatments. However, cell identification and classification is currently performed by traditional techniques, including biomolecular processing, which are not real time and may be time-consuming.
In this paper, we investigate three-dimensional sensing and identification of stem cells using coherent optical imaging based on digital holographic microscopy and statistical pattern classification. The Fresnel diffraction patterns of stem cells are optically recorded by SEOL holographic microscopy interfaced with a computer. In order to extract specific features from the diffraction patterns of stem cells, we computationally apply Gabor wavelet filtering (Gabor 1946; Daugman 1985; Lades et al. 1993; Lee 1996; Oppenheim et al. 1996) to the recorded diffraction patterns. Next, the multi-scale and multi-resolution complex-valued magnitude three-dimensional images of the stem cells are numerically reconstructed from the Gabor-filtered SEOL digital hologram. For three-dimensional classification, the empirical cumulative density function (ECDF; Hollander & Wolfe 1999) is calculated from the sample segment features, which are obtained from the multi-scale and multi-resolution three-dimensional images. Statistical estimation and statistical hypothesis testing are performed to compare various cells under investigation. Figure 1 shows the framework and design procedure for three-dimensional sensing and recognition based on SEOL holographic microscopy. The following sections describe various stages of the proposed approach for three-dimensional sensing and recognition of stem cells by the use of optical coherent imaging based on digital holographic microscopy. In §2, we briefly describe the concept of SEOL digital holographic microscopy. The design procedure for three-dimensional sensing and recognition of stem cells is described in §3. The statistical analysis and statistical hypothesis testing are explained in §4. Preliminary experimental results using SEOL holographic microscopy are presented in §5 and we conclude in §6.
PRINCIPLES OF SINGLE-EXPOSURE ONLINE DIGITAL HOLOGRAPHY
A SEOL digital hologram of biological cells in the Fresnel domain is recorded with an image sensor array using a reference wave, as shown in figure 2. An argon laser with centre wavelength of 514.5 nm is used as a light source for spatial and temporal coherent imaging. The coherent light source illuminates the stem cell and then it starts to diffract. The microscope objective magnifies the Fresnel diffracted pattern of the stem cell and images it to the hologram plane. The image sensor array captures the interference of the reference wave and the diffracted wavefronts from the stem cell, resulting in an intensity pattern that contains both the magnitude and phase information of the stem cell.
The system requires only a single-exposure recording to obtain the Fresnel diffraction pattern of a stem cell. Therefore, SEOL digital holographic microscopy can be suitable for recognizing and identifying growing and dividing stem cells. In addition, the system is robust to external noise factors, such as environmental fluctuation and vibration, since multiple exposures are not required, as in the phase-shift interferometry technique (Kreis 2005; Nomura et al. 2006 ð2:1Þ where O(x,h;z) is the field distribution on the original stem cell surface at the reconstruction image plane (figure 2); d 0 is the distance between the centre of the focused stem cell at the image plane and the hologram plane; and d is the cell's depth along the z-axis. Equation (2.1) represents the Fresnel transformation over a distance d 0 , with object depth d along the z-axis. The interference intensity pattern, i.e. the SEOL digital hologram between the diffracted wavefronts of the stem cell and the reference wave recorded at the image sensor array plane (hologram plane), is represented as follows:
jf R is the reference wave at the hologram plane. The three-dimensional reconstruction of the original stem cell is performed computationally using the inverse Fresnel transformation of the SEOL digital hologram. Finally, the field distribution of the reconstructed three-dimensional stem cells from the SEOL digital hologram is represented aŝ Oðx; hÞ Z IFT FTfH ðx; yÞg ð where d 0 is the distance between the hologram plane and the image plane, u and v denote the transverse discrete spatial frequencies, (Dx, Dy) and (N x , N y ) are the size and the number of pixels in the image sensor array at the hologram plane, respectively, and FT{$} denotes the Fourier transformation. In order to calculate the Fresnel diffraction integral, we use the angular spectrum method.
The main difference between the angular spectrum method and the conventional Fresnel transform algorithm is that the angular spectrum method cancels the scale factor between the hologram plane and the object plane. Therefore, the transverse resolutions of the reconstruction plane are independent of a reconstruction distance in the longitudinal direction. The reconstructed three-dimensional stem cell image from the SEOL digital hologram contains a conjugate image. This component generates an out-of-focus image that overlaps the reconstructed three-dimensional image of the stem cell. However, the defocused conjugate image also contains important information about the three-dimensional biological cells. As an additional merit, SEOL digital holography allows us to obtain a dynamic time-varying scene reconstructed digitally by the computer for monitoring and recognizing dividing and growing cells.
FEATURE EXTRACTION IN A DIGITAL HOLOGRAM OF STEM CELLS
In this section, we describe our use of the Gabor wavelet transformation (GWT) for extracting the feature vectors from a stem cell's interference pattern using SEOL digital holographic microscopy. GWT is very suitable for representing local feature vectors owing to the following useful properties: GWT is the best localized wavelet method; it provides the optimal compromise between spatial resolution and frequency resolution; and the Gabor kernel function has been successfully used for a number of image processing and two-dimensional object recognition applications (Lades et al. 1993; Lee 1996) . There are several benefits of using space-frequency analysis. First, the interference patterns often contain noisy fringe patterns created by the undesirable scattering of light off the surface of the optical components, which acts as noise in the recognition and identification of biological cells. GWT provides good noise tolerance due to the band-limited behaviour of the Gabor filters and the representation of the local features centred on feature points by the GWT coefficients. Therefore, the proposed three-dimensional recognition system is robust to the undesirable fringe patterns in the digital hologram and the DC components of the digital hologram can be removed. Second, one can extract the feature vectors from the SEOL digital hologram of stem cells. The separation between internal fringes varies with the width and thickness of the stem cell and the refractive index inside the stem cell. The Gabor wavelet transformation makes it possible to determine not only the global spatial frequency response of the interference fringes, but also the local features. Finally, the Gabor wavelet transformation makes it possible to separate the image over various spatial frequency components. We can obtain the local fringe pattern with the selected Gabor kernel function and successfully analyse the local interference patterns of the three-dimensional holographic image. The two-dimensional Gabor elementary function can be generalized as follows: jðx; yÞ Z expfK½a 2 ðx cos q C y sin qÞ 2 C b 2 ðKx sin q C y cos qÞ 2 g !expfj2pf 0 ðx cos q C y sin qÞg; ð3:1Þ where f 0 is the frequency of the sinusoid, q is a rotation of the Gaussian and sinusoid functions, a is the sharpness of the Gaussian major axis and b is the sharpness of the Gaussian minor axis. 
To perform the hypothesis testing, we set a null hypothesis H 0 and alterative hypothesis H 1 as follows: Finally, we compute the statistical p-value, which is the probability that the variable with a probability density function fL or fD for the null hypothesis will be larger than the calculated statistics L or D for the statistical decision to classify the stem cells. The p-value is defined as (Mukhopadhyay 2000) p
ð4:5Þ
where fL and fD are the probability density functions for the statisticsL andD, respectively. Conventionally, the null hypothesis is rejected if the p-value is less than 0.05. However, other cut-off p-values are also applicable, for example 0.01 or 0.10.
EXPERIMENTAL RESULTS
We show the experimental results of three-dimensional image formation of three stem cells (sunflower and corn stem cells) using SEOL digital holographic microscopy, and three-dimensional recognition by optical coherent imaging in the Fresnel domain based on SEOL digital holographic microscopy using the non-parametric statistical methods and hypothesis testing.
Visualization of three-dimensional stem cell images by SEOL digital holographic microscopy
In this subsection, we present the visualization of typical plant stem cells by SEOL digital holographic microscopy. The SEOL digital hologram of the stem cells is recorded with an image sensor array of 2048!2048 pixels with a pixel size of 9!9 mm, where the specimen was sandwiched between two transparent cover-slips. For magnification of biological stem cells, we used a microscope objective with NAZ1.20 and a magnification of 60!. The transverse magnification of stem cells at the image plane is approximately M t Z150! and the reconstruction distance between the image plane and the hologram plane is approximately 200 mm. We calculate the magnified optical path difference (MOPD), L OPD Z M 2 t Djn 0 Kn b j z27 mm to obtain the longitudinal volume depth information of the biological cells, where we assume that the thickness (D) of the plant stem cells is 12 mm, which is the typical thickness of plant stem cells. In addition, we assume the refractive index difference jn 0 Kn b j between the stem cell and the surrounding medium to be 0.1. For threedimensional volumetric imaging by SEOL digital holographic microscopy, we obtained the section images of the stem cells at an interval of approximately 0.5 mm between section images from 9 to 10.5 mm. Figure 3a -d shows the sunflower stem cell threedimensional image reconstructed at distances from 9 to 10.5 mm from the SEOL digital hologram, respectively. Figure 3e ,f shows the sunflower and the corn stem cell three-dimensional images reconstructed at a distance of 9 mm from the SEOL digital hologram, respectively. The image in figure 3a was used as a reference, while the images in figure 3e,f were used as unknown input stem cells to test our recognition system.
Feature-extracted three-dimensional images of stem cells using the Gabor wavelet method
In this subsection, we show the process of reconstruction of three-dimensional images by Gabor wavelet filtering of the SEOL digital hologram of the stem cells. The Gabor wavelet filtering method is applied to enhance the discrimination capability between two datasets. The optimal kernel frequency of the Gabor wavelet function can be selected in such a way as to maximize the test statistic values defined in equation (4.3). Fourier spectrum analysis for the digital holograms of stem cells has been performed. The results in figure 4 show that the digital holograms have a strong DC component and similar fringe patterns, which are generated by multiple reflections on various optical components due to the use of a coherent light source. Figure 5 shows the sunflower stem cell threedimensional images reconstructed by band-pass filtering of the SEOL digital hologram, where f 0 denotes the Gabor kernel frequency. In our experiment, we chose the carrier frequency of the band-pass filter in intervals of 0.005 from 0.01 to 0.50 and summed over all of the Gabor coefficients by changing the rotation angle of the Gabor kernel at intervals of 308 from 0 to 1808 at each Gabor kernel frequency for the rotation-invariant property. a and b represent the sharpness of the Gaussian major and minor axes and are set to 2 and 1, respectively.
Non-parametric statistical method
In this subsection, we demonstrate a non-parametric statistical test to measure the similarity or dissimilarity between two datasets. We form the CDF for the two references, F ref S ðuÞ, from the real and the imaginary parts of the Sth multi-scale sunflower threedimensional image reconstructed at the distance of 9 mm, where we randomly chose 5000 sample features from the reference image for fast processing. In order to obtain the statistical distribution of the test statistics for the null hypothesis, we form the twoF ref S ðuÞ by selecting 500 random pixel points from the real and the imaginary parts of the Sth multi-scale reference image, respectively. We generatedF ref S ðuÞ 100 times to obtain the statistical sampling distribution of the CDFD. Similarly, we construct the F inp S ðuÞ by selecting 500 random pixel points from the real and the imaginary parts of the Sth multi-scaled unknown input image, where we generated F inp S ðuÞ 100 times to obtain the statistical sampling distribution of the test statistic for the unknown input data. Figure 6 shows the statistical distributions ofD as the CDF for the null hypothesis and the test statistic D for the true and the false classes, respectively, where the kernel frequency of the Gabor elementary function kZ0.30 is used. In this experiment, we generated 60 µm 6 0 µm 6 0 µm 60 µm 60 µm 6 0 µm Figure 3 . The sunflower stem cell three-dimensional images reconstructed at distances (a) 9, (b) 9.5, (c) 10 and (d ) 10.5 mm. The image in (a) was used as a reference. The images in (e) and (f ) were used as a true class (sunflower stem cell) and a false class (corn stem cell) input, respectively, and reconstructed at distance d 0 Z9 mm.
Computational holographic imaging I. Moon and B. Javidi 309 image data obtained from the Gabor-filtered digital holograms of the stem cells have the distinguishing statistical distribution. As shown in figure 6 , the maximum value of the CDFD for the null hypothesis in the real and the imaginary parts are 0.0015 and 0.0017, respectively, and the mean values of the test statistic D in the real part for the true and false classes are 0.0012 and 0.2448, respectively. It is noted that every false class over 100 trial datasets was above the maximum value of the CDFD for the null hypothesis.
To compare the value of the calculated test statistic using the unfiltered SEOL digital hologram, we also (a) (b) (c) (d) (e) ( f ) Figure 5 . The feature-extracted sunflower stem cell three-dimensional images using the Gabor wavelet method, with (a) f 0 Z0.1,
compute the statistical distribution of the test statistic for the null hypothesis and unknown input data. Figure 7 shows the statistical distributions ofD as the CDF for the null hypothesis and the test statistic D for the true and false classes, respectively. As shown in figure 7 , the maximum value of the CDFD for the null hypothesis in the real and the imaginary parts are 0.0012 and 0.0019, respectively, and the mean values of Computational holographic imaging I. Moon and B. Javidi 311 the test statistic D in the real part for the true and false classes are 0.0106 and 0.0150, respectively. It is noted that the mean values of the true and the false classes over 100 trial datasets were above the maximum value of the CDFD for the null hypothesis. In this case, it is difficult to measure the similarity or dissimilarity between two datasets by the unfiltered SEOL digital hologram.
To evaluate the performance of our three-dimensional recognition system, we define the following ratio between the null hypothesis for the true class and unknown input data: R Z averaged test statistic's value for the unknown input data averaged test statistic's value for the null hypothesis :
In order to select an optimal kernel frequency to maximize the ratio R, we calculate R while changing the kernel frequency of the Gabor elementary function at intervals of 0.005 from 0.010 to 0.500. Figure 8 shows the experimental results of the calculated ratio R. As shown in figure 8 , most of the values of R for the nontraining true class in the real and the imaginary parts are close to 1, while most of the values of R for the false classes are greater than 10. It is noted that the optimal Gabor kernel frequency to maximize the discrimination between two stem cells are 0.275 and 0.015 in the real and the imaginary parts, respectively.
We also compute the statistical p-value defined in equation (4.5) and we conduct the hypothesis testing with the calculated p-value for the statistical decision to classify the stem cells. Figure 9 shows the calculated statistical p-value, where the minimum value of the test statistic D over 100 trial datasets was selected. As shown in figure 9 , most of the p-values for the nontraining true class were greater than 0.01 in the real and the imaginary parts, while most of the p-values for the false class were less than 0.01 in the real and the imaginary parts. We can reject the null hypothesis, H 0 , defined in equation (4.4) in the case where the value of the test statistic is larger than the value of the CDFD at a level of significance of 0.01. It is noted that the percentages of correctly matched sample data over 100 trial datasets in the real part for the true class are approximately 100% by the decision rule, while for the false class the percentages are approximately 0%. These experimental results indicate that there is a considerable similarity in the range of the Gabor kernel frequency (0.15!f 0 !0.35) between the reference and the true class input. Thus, preliminary experimental results indicate that it may be possible to classify stem cells using the multi-scale three-dimensional images obtained by the Gabor-based band-pass-filtered SEOL digital hologram and the non-parametric statistical method.
CONCLUSION
In conclusion, we have presented a three-dimensional sensing and recognition system of stem cells using SEOL digital holographic microscopy, Gabor wavelet analysis, and non-parametric statistical estimation and inference algorithms. We optically obtained the Fresnel diffraction intensity patterns of stem cells by the use of SEOL digital holographic microscopy. For feature extraction and removal of DC components from the SEOL digital hologram, we computationally extracted the local feature vectors from the Fresnel-diffracted holograms of the stem cells using the Gabor wavelet transformation. Then, we digitally reconstructed the three-dimensional focused images from the Gaborfiltered SEOL digital hologram. For three-dimensional recognition, the test pixel points are randomly selected from the multi-scale three-dimensional image. Then, the ECDF is formed by the test pixel values according to the proposed design procedure. For statistical decision on the basis of the statistical sampling distribution of the datasets, the hypothesis testing for the equality between the CDFs of two populations has been performed.
We have presented the experimental results for three-dimensional recognition and classification of stem cells adopting the statistical method and inference algorithms. It has been shown in experiments that we can successfully classify stem cells and the recognition capacity is considerably increased by using the Gabor wavelet-filtered SEOL digital hologram, with the results compared with those from an unfiltered SEOL digital hologram. The optimal Gabor kernel frequency, which increases the discrimination performance, is selected using the multi-scale three-dimensional images.
